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i- INTRODUCTION 

Jfa and between the pulses the reac o is puro d wi an i en J o " °" < 31 * ^ '° ,he SUbstrate 
' pr «f sor » saturatively chemisorbed at th subslraTe s, 2 ° r H e ; ;,cllale , d In *e first reaction step 

of the precursor is removed front the rea or In e ecoS , dU "" S "* SU, ' SetlUent 
*« «*si«te and the desired film growth react on afcei „t,r 4 « P * ° ther preCUrsor ! ' S introduced on 
^or excess are purged ou, From ,h re Z ttf h " * ^ """^ bypr ° ducts a " d 
^ «to'b and react with each o.heT^^^^'S?'? 0 ' ^ ^ » f ~ able - 

ln openly designed flow type reac.ots ^ Can be performed »' less than one 

. r steps which ma.es the 

"'»' *»»»>■ ,l,o ,„„„, tave „„ Ci;^t"*; ( d ,IS7 nm "' *" '° ** 

"*"" :>lra ' S f OR THE ALD PRECURSORS 
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b A T 

The self-limmng growth ^ ch ?™ s somewhat vary dunng the proves De t eratures 

the surface as well as me cases be com , ld ued as an ^ , g 

oudateron-Theadsorpt « . fece QH groups play - ""^ ^^d tie desired solid r 

arowth of oxide film* xshere u wUh the second preairso a a of precursori 

aggressive react.cn es.red unfomma tely therniodynam. a a* not 

proarams for calculates exist I . g on!y temaUve bince ,t MM iao 

Liber of organometa he pr« , ^ ^ nothing on « 

the reaction between t he g us pn*u ^ can adsorb and ^ an^o ^ a 

not take place There o of lUe m extensive quantum one i condltions whe 

reactions and therefo.e to ge prea a ^ h prQceeds nd „ dynarmv ^ 

s ,i gh ,l, sin** tan *« '» >tou , 275 . C P !| „,„„ „ rt , 

the underlying matenal, substrate or film, 
dissolution may take place. 



.rough heated tubes to the substrates, Th ; 
iow the substrate temperature to avoid 

ise aiso relatively low vapor pressure soil- 
ing the process because of changes in the; 
cursors evaporated at high temperatures i< 
; with very small particle size solids is how 
is and entering the films, 
irature because their decomposition won:; 
e ALD method A slight decomposition, j 
te case of metal alkoxide precursors in the 

The interaction between the precursor and 
for different precursors as will be poinld 
as an - change reaction as reported in the 
impoi . role [23,24]. After purging the 
precursor and form the desired solid filii 
contrast to the selection of precursors lo; 
e use of precursors, short pulse times and 
lm fomiation reactions are useful 
.11 the real equilibrium requirements. The 
?ative values of AG are looked for. Useful 
lynamic data are not available for a large' 
ative since it tells about the spontaneity « 
ng on the kinetics and, more importantly, 
.1 adsorb and be anchored, the growth can 
and prediction of adsorption and surte 
urn chemical calculations are needed. Tie 
eeds under dynamic conditions where tte. 
veen InCl, and water to ln.0 3 has best 
■26). 

dlow their easy removal from the reactor>- 
ice. The reaction between metal chlorite.- 
;es HCI which may readsorb or react »'/ 
ckne- •% shown in the case of TiO,,% 
.limit,. .,id undergo an exchange reacli& 
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* , PRECURSOR COM BLN'ATIONS AND SURFACE AS A RE ACTA 



A XT 

,kes .he difference. As mentioned above the Tree or] Z V * ^ (Table ^ M 

.Terence to CVD chemistry is clear since AI D f IT im ^cssiveiy and completely The 

Iniiniuni (T.VLA.) + water> £ ch^^X^^T^ ? ^ ^ 
uroduced simultaneously into the reactor Can not be n,ixed together and 

s,r:,ce enemistrv of ALD relies o„ e;:he, )lw icc,; a r cl-miso. on -n - , 



,0H)(s) + MX„(g) -> (-0-)>rX,„(s) + nHX (g) 



(1) 



■ere M is a metal ion, X is a ligand, typically ha/ide. alkoxide or alkvl o v„ri P < h- a- 
- ind and n vanes Spending 0 n the amount of surface hvLvvi ' Vanes , de P e,,d, "S °» the metal and 
-P-re. During the next pulse water ^ se ^^^^^ *™ " a function of 



; W,„(s) ♦ (p-n)(H 3 0)(g) -> (-0-)>l(OH U s) + (p-n)HX (g) 



(2) 



bCl s is an extreme 
ing the film 
be grown in 



ample since it'r^ 
;rowtn [30]. TaCl, belu* 
self-limiting manner befog 



olve in the film. This rather rare situaus? 
reducing aecnt. Zinc dissolved in co0 : 
rCl) pulse zinc was re-evaporated and*, 

, the corapattbilitv of the precutsvi . 
xount No etching, harmful reaction^ 



1 ' 

rate of Tn A tllin ffl^lS^^JS^,"* silica [»]• Also the to 

-eactjon sites during the indium J^^fSS^^. ™ be ^' ained * the lack 

f. beutthzed in selective area 8IW vih expe men s bv n,? f ^ growth on selective sites 

; J « -he OH covered areas only. C " Zg , £ °" ^ 

ir d C ? SeS S!udied b >' *» metlKxl involve m! a cl oTs a d w^T " ^ l 3! * 

* £ " Ton" StUdieS P - dike! °" at0 --P'-cs w ter '£ n ^ ^ 

'Cursors us 



p todevelc 

^nrSierdiSrir?^ eth ° d f °'' electrolumil ~t (EL) thin film devices which require 
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■ , Therefore the first experiment carried out used elemental zinc and suit 
are used as the phosphor matenal. Therefore, the ^ P ^ ^ on single cry 5 

as precursors and that is the ongm of e name Ato c ^ ^ . ^ h £ 
substrate at high enough jempe.atu red ep my ^ ^ ^ ed m E1 dew 

precursors (ZnCl, MnCU. H,S) are mo re convem t to are volatile enough, elements are rar 

can be achieved. For these reasons and bccau*on£ &l cdTe has been grovv „ 

used as precursors, U-VJ compo-d = ^e range (260-290 °C) and at^gher temper., 
(100) GaAs in a monolayer fashion at a nnji 1 fof j ml,^ ,s W taer ,z 

is also worth mentioning [14,16,18], hiahli<jhte d according to different precursor types. U 

the recent reviews [15,45.46] are refered to. 



4.1 Precursors for non-metals 

4.1.1 Oxyg en 



Water hasbeen by far^ 

and alkyls and reasonably weU with m^ alko* tor^ ^ 
described above. Problems w.th water arise P Miketonates hav e been used together vuH . 
occur or is slow at temperatures below ,00 C. In C ^ ^ ^ ^ repone(j , 0 be . ^ 

hntmu-ulvtheten eenrathei higni-+/j. i 3 3 A/cvcle 148] The inertness ot i- 

M D from p-dikctonates CY(thd W and O ^wr o ^W£J* need high temper, 
mollecanbee., , ,. the double bon ajdac.o * ^^^toM^j; 
The use of ozone instead ofjj^ ^ ^ the ^vth rate increases with ^ 
sliohtlv non-ideal since no ALU-wmuu 

"S- A1C1, .nd ««« tote. [5,1 
4. 1.2 Sulfur and selenium 

mote,., f.vour ,dd,»« reactioii ol H 5 P M<Jy „ f , hc s ,« „.a»» _ 
HCli S retos=donly.f.enheH,Sputo.nd»otar,« , , ,1 

The ,„>,« b«w«» AmeUvvl an »«d H-S £0 « ^ *»* » \ , 



arried out used elemental zinc and sulfur 
Epitaxy. When grown on single crysu; 
ined. Soon it turned out that molecular 
films of the quality needed in EL devices 
i are volatile enough, elements are rarely 
le 1). Epitaxial CdTe has been grown* 
(260-290 °C) and at higher temperature;; 
indow for 1 ML/cycIe is wider, viz. 250- 
ALD growth of transition metal nitride 

jrding to different precursor types. Table 
ithout 'Terences. For detailed reference 



ren. It reacts fast with many metal halides. 
a surface hydroxyl groups oxide films i 
complexes because the reaction does n« 
ues have been used together with oxygfc 
ire the only ones reported to be grown ky 
D.2 A/cycle [48]. The inertness of the 0;: 
jurning reactions need high temperatuiK 
'oxides from the fj-diketonates faster fe 
te growth rate increases with increa: "" 

:ead o p ater to improve the growth i 
imber , JH groups on the surface/^ 
ures the resulting AL0 3 films are not«0; 
en used as oxygen precursor in deposit^,. 
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•in AID. It reacts well with ver) dijg 
id cvclopentadienyl compounds (Tab . 
lie production of SrS based EL pho*-^ 
nS have shown that the interaction ^ 
lecules. Independents chemisorb* 
.s the formation of H< 1 * 11 . 
jie study of the same reaction sho* 
pulse [56]. ^ n *$$L 
nonolayer fashion at 250- j K' 1 '-'^ 
4 that dimethyl zinc adsorbs as 
; possibility ofan inhibiting react' 



tallic zinc and methane are formed [57]. A recent detailed study on Cd(CH0, + H,S ALE reaction, 
.owed however, that dimethyl cadmium chemisorbs dissociative^ relea sing tetha e mrd fo m 

■ trf [58]. Methane is also released during the Impulse and a SH surface fo S lhe 

Hydrogen seienide reacts like hydrogen sulfide with zinc chloride and alkvl compounds forming ZnSe The 
Hes have been focused on verifying the ML growth/cycle and details of the Ic h jL Z\^ pos ^ e 
,le of Sell groups has* not been reported. The use of a thermal precursor cracker improves the film qua hv 

1 H S [JqT m " ° f eleme " tal SP6CieS haVi " g SUrfaCC m0bilhy hiSher than ** C » ) 



11.3 Nitrogen 

Ammonia has automaticly been the precursor for nitride films. Three types of approaches have been taken 
:o,ard n.tndehlm epitaxial Ga\ (Al, G n , I N') film grown from alkvl compounds an i^ ammon 

e,t,omcappl,ca..ons[«, ( ] r < Kr ^ fl!n , for dielectric and passivation lavS^d 

Jtystallme transition metal nitrides (TiN, NbN, TaN, Ta 3 N<, MoN) grow.? from nie 1 c ride ^ 
■ n I arner and protectee applications [14]. In systems where no reduction of the metal (Al Ga n 
. needed ammoma works rather well. The impurities found from for example A1N films- chlorine and 
T? [61 ' ffl J« ad H c t^ with TMA [62], showL ammonia leave h 
. gen The oxygen found m the AJN films ,s concentrated on the surface indicating post deposition 
> olanle tran ition metal precursors usually contain metals at their highest oxidation states but Tn 
SS™. oxidation state is +III and therefore reduction must occur. Ammonia is reducing in natu e 
r i , n '"a Fepar 1 WUh thC reaCti0 " betWeen TiC1 < and ^ and the fib" "«de at 500 °C 
wT , eHer C0nductiw >' are obtiuned is used as an additional reducins agent [16 

t un ntrl 3 " " f0, ' med ' a " d Z " Vap ° Ur reduCti0 " is " eeded ^ T.N [63 64] 

«^ on h ^;rr nia , is a , e precursor for ,,itdde formation reacti ° ns with ^ 

it on , be ^uced. If reduction ,s needed an additional reducing agent mav be necessary The 
- Jut ' 0n raa y chan B e lf «her metal precursors than chlorides are used as shown in the'case of TiIJ65] 

'■Ll Hydrides of Group V (15) Elements 

^SC^J T » he T preCUrSOrS for the S rou P V eie ™- I" ALE they have been 

*•* it ^ com t J f !0nde u a!ky ' C0,nPOUndS ° f ' he 5r0U P 111 e,eraents ( Table 1 )• ™e ALE growth 
, lu -V compounds has not been very successful because of thee— - — - ■ • 



e ' i nism U r the growth of the III-V compounds by AIF-' The 
4ev'I T b f™ ed 10 be mainl y due 10 the S™P Ilr precursors and not because 



the surface 
difficulties 



■wever 4c „ ".' J "*>™r»> v^nn* ana not oecausc of the group V hydrides 

T*: H s P ecles p!a >'_ COT r a,nl >' an 'niportant role in the chemisorption of TMG and the instability 



^naceAsH, is 
^Netion ofato 
^experiments 



partial reason for the problems. Fast injection of AsH 3 , high hydroeen partial pressure 
c hydrogen on AsH, surface have improved the self-limiting tj e - wth [45] However 
Sistbe JZ'Z"T 3 T' d r teraperature ' pulse time and P ressure windows have been observed [66] and they 
VcuZ f u SSn , WChanSe feaCti ° nS Similar 10 those described for tJ « growth of oxide films 
^P°und eof ' 1C S , r ,° UP V , el L e , ments are not under s P e cial development but the users are satisfied to the 
nas commercially available for MOVPE. 
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The only paper ex.st.ng on the ALD of fluoride films reports the use of NH 4 F as a precursor for r, - 
Zn fluorides [67]. The precursor is not ideal and the growth rate remains low. In deposition of SrSr"- 
fluonde codoping has been performed by benzoyl fluoride which is a suitable precursor for eociop , 
for growing bulk fluoride films [68], "Jwpmgfc,, 



4.2 Metal precursors 

4.2.1 Halides 



f 1 P« les, are applicable precursors in ALD deposition of oxide, sulfide arrf r- 

trims. They are volatile and reactive enough but most of them are solids which is in microelectronic^, 
considered as a disadvantage. The ALD surface chemistry of chlorides has been studied thorou°h!v 
planar substrates and on high surface area oxide powders in preparation of oxides. As described abo-'- 
those cases metal chlorides are reacting with surface OH groups and HG1 is formed Much less is ki.ov- 
the chem.sorpt.on on sulfur surfaces. The calculations show that ZnCl, adsorbates on sulfur surface icr~ 
stable complex [54,55] though desorption of ZnCl 2 may occur easily [56]. Due to the size of the cHop 
anions and their repulsion, maximum surface coverage can be either 1/3 or 'A depending on whether -i 
adsoiption mode is independent or chain-like, respectively. Experimentally it has been shown that 2-3 cvft 
are needed for one monolayer depending on the experimental conditions [69] The role of surface SH 4- 
has not been studied in detail. '' * " 

The behaviour of aluminium, gallium and indium trichlorides in the growth of oxide films differs from ac 
other markedly: A1 2 0 3 can be grown with a good rate, Ga 2 0 3 does not grow at all, In A grows wi.lnl, 
rate. I he oxide formation reactions become thermodynarnically more unfavored in the same order Psnii 
those behaviours can possibly be addressed to the stability of OH groups on the oxide surface The reiciKi: 
of Al, Ga and In chlorides with ammonia follows the same trend as that with water. In GaAs ALE GaQfe 
been more often studied as a precursor than GaCl 3 . The reaction between GaCl and AsH, is not «■ 
favorable and long pulsing times are needed, and on the other hand GaCl desorption mav occur and Cd 
surface may change to inert Ga surface [70]. The studies have shown that GaCl 3 reacts with As, pewutf 
only m the presence of hydrogen [71]. A rather wide 1 ML/cycle ALE window has been found for GaCl, 
ASH, and the suggc on foi the reaction mechanism goes via AsH and As-GaCU surface species [721. 

6iU 4 reacts with water producing SiO, films. The reaction is, however, verv slow and pulse times of ie 
ot seconds are needed. The process relies on the surface OH groups and the growth rate is dependent-' 
temperature which fiirther determines the OH content on the surface [73], The reaction can be enhanced* 
pulsing pyridine after each reactant pulse. Both the reaction temperature and pulse times could be reduce: 
significantly without losing the growth rate per cycle and the quality of the film [74]. 

4.2.2 A Iky I compounds 

Because of the importance of the III-V semiconductors most ALE and ALD studies usin* alkyl precur^ 
deal with Ga, Al and In. Both trimethyl and triethyl compounds are easily available and WchemisiO * 
*a- a u SpeCml P recursor for ALE has been designed. The ALE deposition of GaA« has ^ 

r !";'l H ^r^ r0U , S Sr ° UPS , USing differe,lt e *P erimentaI se '""PS and very different results have ^ 
reported I he difficulties anse from the instability of Ga alkyl compounds (mainly trimethyl gallium. TM* 
In ultra high vacuum systems no saturative growth or a very narrow temperature range for the satim^ 




ofNHjF as a precursor for Ca, Sr|j 
iins low In deposition of SrSCefitg 
uitable precursor for codoping buira 



deposition of oxide, sulfide and nitriif" 
ds which is in microelectronic indusn 
s has been studied thoroughly bothcc 
ation of oxides. As described abovek 
HC1 is formed. Much less is known oj 
ZU adsorbates on sulfur surface form 
y [56]. Due to the srze of the chlorid* 
jr 1/3 or '/i depending on whether. lk 
tally it has been shown that 2-3 ..cycle 
is [69]. The role of surface SH groups 

rowth of oxide films differs fromeii 
ot grow at all, ln 2 0 3 grows withato 
unfavored in the same order Partially 
os on the oxide surface. The re3cmm 
at wit' ater. InGaAs ALEGaCl hii 
betw^.a uaCl and Asfl 3 is not ven 
GaCI desorption may occur and GaO 
i that GaCl 3 reacts with As., precursc? 
E window has been found for Ga<V 
tnd As-GaCl, surface species [72] 
ver, very slow and pulse times of 
s and the growth rate is dependents 
73]. The reaction can be enhanced tj 
ture and pulse times could be reduce- 
•of the film [74]. 



„ observed but the saturation can be enhanced by laser irradiation [45]. The use of high-speed flow 
I^roaen transport has resulted in reasonably wide saturation range [66,75] 

Th ee models have been suggested for the ALE GaAs surface chemistry. First, the TMG converts the 
, terminated surface to a gallium-terminated one and the methyl groups desorb. This surface is no 
^"'r reactive towards TMG [76]. Second, TMG reacts with arsenic surface and forms a gallium rich 
7 vered W ith methyl t-roups. The methvl groups make the surface passive for further adsorption of 
n,r [771 Third TMG (or TEG) decomposes on the surface to a monomethyl (ethyl) species which desorbs 
'e surface and no deposition takes place. The growth requires a flux balance between the adsorbing 
2 desorbing species [78]. As a conclusion it can be said that ideal saturative growth is hard to achieve by 

TN ¥he bSiotrfofAl and In alkyls are similar to those of gallium alkyls in the growth of the III-V 
grounds AUs and InP are the most commonly studied materials after GaAs. By using different tricks 
2e scales, flow rates, precursor cracking, and H 2 purges it has been possible to grow these materials , 1 
UL'cvcle in a limited temperature range [45]. In the growth of oxide films the alkyl compounds behave like 
•blondes TMA + H,0 is almost an ideal reaction [79,80], TMG + H,0 does not proceed at all and TM1 
■ H 0 shows exteremely low growth rate [34]. TMA-water process works in a wide temperature range 
. . c , 0 " ^00 °C) but the OH (or H) content of the film increases with decreasing temperature. The process has 
Unstudied in many applications including modification of catalyst supports and membranes [81], dielectric 
fins for EL devices and corrosion procetion films. The reaction of Al and Ga alkyl compounds with 
anuria results in A1N and GaN [60,62]. Clear temperature window for the self-hmmng growth does not 
exist but stable growth can be achieved at fixed temperature. 

Dimethvl (DMZ) and diethyl (DEZ) zinc have been used in deposition ot both epitaxial ZnS and ZnSe 
films as we'll as polycrvstalline ZnS and ZnO films. Close to 1 ML/cycle growth was observed in the reaction 
between DMZ and H,S at 25-500 °C [82]. The process can also be used in a large scale to fabricate ZnS:Mn 
based EL devices [83] Both DMZ and DEZ react vigorously with water forming ZnO at 100-250 °C the 
ALD growth rate being reaction temperature dependent [84]. This and the observation that the reactions 
between DMZ and H-S and H.Se are hydrogen pressure dependent indicate thermal instability ot the zinc 
alkvl compounds, not to forget the role of surface OH, SH and Sell groups, however. If the decomposition 
is complete and a zinc surface is formed, the chalcogenide formation reaction is inhibited. 



Alkoxides which are well known precursors in CVD have only in a few cases used in ALD ( Table 1) to grow 
■«ide films. Water and alcohols have served as oxygen precurors [21,53]. Alkoxides have a tendency to 
decompose at hiah temperatures and therefore ALD processes are limited to temperatures below 400 C 
wiverethe arowth is an ALD-tvpe exchange reaction utilizing surface OH groups. The size ol the precursor 
^ecules affects the arowth rate and in the case ofTi0 2 the precursor affects also the crystal inity [21,85] 
Alkoxides are very important precursors for Nb and Ta oxides because their chlorides etch the forming 
°*des [86,87] 



P-diketonato complexes 



id ALD studies using alkyl prccurs^ 
easily available and their cliem;str)' s 
'he ALE deposition of GaAs has t-^ 
and very different results have 
nds (mainly trimethyl gallium, T* 
.• temperature range for the saiura lis! 



Electropositive metals have not manv volatile compounds and P-diketonato complexes are among the tew 
ones. The need of volatile alkaline' earth and rare earth metal compounds for CVD deposition of high 
Kaperature oxide superconductors boosted the studies on p-diketonato complexes. In ALD the mam 
fcteesi ha 5 been in deposition ofSrS based EL phosphors and thd-che'.xes (Hthd =- 2.,.6.0-tctrametny.-,.. - 
teptanedione) are used as the precursors [88]. The instability of the precursors may cause some thickness 
^-uniformity for the films and the difficulties increase in the series Ca<Sr<Ba [89], Anyway, Sr(thd) 2 ,s 
Ui «i in a pilot'scale for SrS EL films [90]. 
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The alkaline earth p-diketonato complexes may oligomerize which limits the volatility and ti ifr ,-. 
neutral adducts have been added to the complexes to keep them monomolecular. The complexes nu-, • ' 
age by reacting with moisture also resulting in oligomers. The adduct molecules are believed to f: Z 
against aging as well [47,91]. ALD depositions of alkaline earth sulfide films have been carried cm h 
adducted thd complexes but it seems that the neutral adduct molecules do not stay intact at gr J' 
temperatures [92,93], Thus the surface reaction is basically the same as in the case of non-addt^ 
complexes. One other way to avoid the aging and possible decomposition of the p-diketonato conip;^ 
the heated source is to make them in situ in the ALD reactor. This is possible by introducing Hthd!: c 
vapor over heated alkaline earth metal or hydroxide and a reasonable growth rate (0.8-1 A/cycle) osi, 
achieved [94]. The vaporization of the Hthd liquid inside the ALD reactor requires careful tempcu. 
control but this can be avoided by pulsing Hthd from outside of the ALD reactor [95]. 

As mentioned above the ALD deposition of oxide films from P-diketonato complexes and water 
a favourable reaction the deposition ofMgO being an exception but with a low deposition rate [96]. Thcb r 
results have been obtained by using ozone as an oxygen precursor. Even ternary LaCoOj and LaNiO } ub; 
usually are difficult to prepare by CVD techniques have been grown by ALD from the corresponding & 
complexes and ozone [97,98]. 

Cu(thd), is a possible precursor for deposition of metallic copper. The reduction is made by H,ami j 
to the instability of the precursor the process is self-limited only in the temperature range 190 to 260 "Q. •■ 
initiation of the growth is not straightforward and a .Pt/Pd seed layer is needed [99,100]. Cu(thd), as« : 
as many rare earth thd-chelates have been employed as precursors for doping ZnS or SrS based EL phase:, 
films [101]. 

The adsorption of several transition metal thd-complexes on high surface area powders have been strife 
in detail [102]. In adsoption on oxide surface the thd-cheiate undergoes an exchange reaction between!: 
surface OH groups. The number of metal atoms on the surface is a function of the OH group concentra!;: 
(calcination temperature) and the size of the molecule. There is one recent example of molecular adsorpii: 
of a p-diketonate chelate on silica surface, viz. Cr(acac) 3 (Hacac = 2,4-pentanedione). The tnolccu': 
adsorption occurs only at a limited temperature range 160-200 "C, however [103]. 



4.2.5 Cyclopentadienyl compounds 



Magnesium and few other cyclopentadienyl (Cp) compounds are known as oxide precursors in CVD. A 
some metal films have been grown by CVD from the cyclopentadienyl compounds. In ALD the first rep 
on these precursors is that of Huang and Kitai [ 1 04] on MgO films. Our interest towards the Cp compear 
stems from the need to find volatile compounds for the heavier alkaline earth metals capable to react 
water to oxide at reasonable temperatures. Because the experiments with p-diketonates railed 
compounds, though considered to be very sensitive to oxygen and moisture, were chosen. In prac:: 
however, these compounds turned out to be more stable than expected and could even be shortly expo 
to air. Not much attention has been paid on the growth of binary oxide (SrO, BaO) films bur is 
importantly ternary SrTi0 3 and BaTi0 3 compounds were grown with Ti alkoxide as a titanium source 

a i < 1 t i ! rinciples of ALD: the films are polycrystalline, the compos** 

can be affected by changing the pulse ratio of the metal precursors, thickness is uniform and depends line* 
on the number of the growth cycles, and the conformality of the films is perfect [1 05], Cp compounds ' 
a big famrl\ of )r he 1 can be varied by substitutions in the carbon 5-ring, iargeswig ■ 

ring system (indene, fluorene) and by linking two ring systems together by a bridge. The potential of in* 
compounds as precursors for alkaline e3rth metals is still largely unknown. Metallocenes of the g« 
metals (Ti, Zr, Hi) are well-known in polyolefin catalysis and they are volatile compounds which react re 
with water. Thus, these are also potential ALD precursors for Ti0 2 , ZrO-, and Hi0 2 films. 

Sr((i-prop) 3 Cp), reacts also with H,S forming SrS film. The benefit of this precursor is that tempera _ 
below 200 "C can be used to fabricate crystalline films with high growth rates [106], In luminescent EL 1" 
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oftheALD reactor [95]. P 3iurt 

Dm (3-diketonato complexes and water is ^ 
butvf low deposition rate [V5J Tne^ 
or. Ev„„ ternary LaCo0 3 and LaNiO, whiff 
grown by ALD from the corresponding^ 

opper. The reduction is made bv H, andfe 
n the temperature range 190 to 260 °C Tfei 
d layer is needed [99,100], Cu(thd), as *e3 
s for doping ZnS or SrS based EL pi 

igli surface area powders have been studied 
•idergoes an exchange reaction between ib 
5 a function of the OH group concentrafe 
>ne recent example of molecular adsorptios 
[acac = 2,4-pemanedione). The molecub/' 
°C, however [103] 
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4 dopanl is needed and when an organometallic precursor for the dopant is a necessity the arowtl 
, , , ure must be low and then the alkaline earth Cp-precursors may be a good choice 
Rare eanh metals ton ■ ter g oup of electropositive metals which have only a few volatile compounds 
Tne rare eartn [3-diketonates are ibly sta >Ie and their volatility properties are good but their reactivity 
ttilh water to oxide films ,s low As dopant precursors for 2nS:Ln and SrS;Ln films they can be used [101] 
However, with cerium, one of the most important dopants for SrS, better results have been obtained with 
pi : in ors I&jJ 



i2.6CarboxyIato complexes 



, he number of known vo at. e carboxylato complexes is low. In ALD only zinc acetate has been used in 
deposits of 2nS films [107] Zinc acetate ohgomerizes to a tetramer before evaporation and the actual 
,oecu le adsorbutg on the surface is Zn l0 (CH 3 COO), and accordingly the growth rate of the film is high 
[106,108]. Zmc acetate can be used also as a precrusor for ZnO films although the growth rate is very low. 

,'. 1 7 Si lanes ai id germane s 



kno is oxide precursors in CVD. Af 
fieny, impounds. In ALD the first repc. 
■■ Our interest towards the Cp compourii 
alkaline eanh metals capable to react uiii 
periments with 3-diketonates failed ft 
and moisture, were chosen. In practice. 
Dected and could even be shortly exposed 
inary oxide (SrO, BaO) films but tnwf 
vith Ti alkoxide as a titanium source. Tb 
films are polycrystalline, the compos*? 
thickness is uniform and depends lineal? 
"is is perfect [105]. Cp compounds f^. 
utions in the carbon 5-ring, largening' :< 
•titer by a bridge. The potentiafoftl* <"f : 
• unknown. Metallocenes of the arcu? J 
e volatile compounds which react 
5 ; „ ZrO, and HfO, films, 
'fit of this precursor is that tempera^'* 
•vth rates [106] In luminescent EL 61? 



ALE depoatton of silicon (and also germanium) using different silanes or chlorosilanes has extensively been 
s:ud ! ed ^ ec ' ai at * !,t!0n llas bee " Siven to the adsorption of different precursors on Si surface [19 ^0] Tl 
'* f Sh ° W " a ! ' he s f» cs chemistI >' of the P^ors used is no. favourable but UV-irradiation or thermal 
Oclmgisneeded tor obtaining pure films. According to Gates [109] all reactions studied in ALF using two 
iErT, , a " e + Chl ° r0Silane ' ar f '''^dynamically unfavoured. Only those reactions which involve 
■ mc li drogen are spontaneous and can be considered self-limiting. It seems that reactants which can be 
kern tel pulsed and which make the self-limiting Si growth possible are not yet known 

WOUieis 

■S';' TcvT- ''^ T ,Kenti0Red a , b ° VC Which taV ° h ™ A1D Alkylamides. recently 

IS NOO t ' ° y 3 V "T b0en USed in AL ° f ' ' 0] - Is0Cyanate com P° unds of silicon 

VI*, . V i r " eW n,terestln S Sroup of precursors with which i: ,s passible- to umw SiO, film, j„ a 

; :V v,» a3hi0n[1 , lll2] . Tnepulse times have however> been unpractic p al long |ike ~ in the \i7^ na 

cveiopment of these new precursors shows that new potential ALD precursors can be found. 
5 - ri'TLRE CHALLENGES 

SSs£ fJS^r ^ deve! °P ,!,ent W f rk 10 be *™ before ALD is accepted as an imponan. thin 
=evelo Z ! t m ° ,0Sy &r ° Pt ,°" a " d m ' croelectr °«'«. As pointed out above the key role in the process 

" a 0 ; vn f Pre T° r 7V ^ f ' rSt C ' lallenSe is t0 8et more chemists 10 with the 
; - s. LVD faces the same challenge because worldwidely the precursor development is not very 
Precursor, i tne . ?. ther . hand ' lhere are °f course more companies specializing on CVD precursors than ALD 
Luckily, these compan.es have shown increasing interest towards ALE and ALD which is a 
development recognizing the similarities of the two fields. 
*emiJl-T, $ ^T/^ P recursor development is needed are obvious: areas where the experiments with 
«b available have not been very successful, viz. III-V compounds and silicon. The other areas where 
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precursor development is needed are at least: good reducers for reactions where oxidation states „.,.. 
lowered, more efficient nitrogen source material than ammonia, new organometallic precursor . 
electropositive elements, stable volatile precursors for noble metals, and suitable reactant combinaiL' • 
metal film depositions. ' ,! 
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